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In the past, the questions of species coexistence and diversity have been linked strongly to that of competition, but in recent years views have been broadening (Ricklef, 1987 , Bengtsson et al. 1994 . One alternative approach in explaining diversity is the so-called species pool hypothesis, which was put forward by Taylor et al. (1990) : The number of species that occupies a certain habitat should be determined by the commonness of that particular habitat, since the larger the area that habitat type occupies, the greater the opportunity for speciation and hence the larger the number of available species adapted to that particular habitat. Zobel (1992) argued that the availability of species is not only a matter of speciation but also of historical processes which determine the migration of species. Eriksson (1993) pointed out the need for testable hypotheses in the species pool concept. He also presented a general prediction of the species pool hypothesis: variation in species diversity among communities is wholly or partly explained by the variation in the size of the species pool associated with each particular community. An ideal case, which includes all the 'available species', has been called the 'null community' (Zobel 1992 , Goldbe rg 1994 . Cornell and Lawton (1992) analyzed the relation ship between regional and local richness. In addition to the question arising from the species pool hypotheses: why communities in different habitat conditions have different numbers of species, they also address another question: how are regional and local richness related within one habitat type? The latter question has also been a topic in island ecology, where the correlation between island size, number of species per island and per plot within a certain habitat type has been studied (Graves and Gotelli 1983 , Kelly et al. 1989 , Tangney et al. 1990 , Kohn and Walsh 1994 . Van der Valk (1981) and Keddy ( 1992) put forward the idea that local environmental conditions act as a sieve or filter, removing all species which belong to the local flora but lack the specified combinations of traits. Though not specified, some quite similar ideas have also been included in other papers, for example, Grime (1979) who discussed a reservoir of species and Tilman (1993 and Tilman ( : 2190 , who claimed that lower richness in more productive grassland was due to the small number of species capable of establishing in areas with a dense litter layer. Van der Maarel and Sykes (1993: 186) pointed to the high small-scale mobility of plant species within plant communities, at least within dry grasslands. The implication of their 'carousel model' is that the saturated communit y will never be realized in any particular growing season but could be approached during a longer period of time through what they call the cumul ative species composition.
So far, considerations of the significance of the species pool regarding species richn ess have remain ed quite superficial, becau se the pool has always been connected with a certain territory. We do not know of any work where the species pool has been determined on an ecological basis.
The purposes of the present paper are: (1) to give a more precise definition of species pool, while relating it to the different scales included in the analysis; (2) to present testable hypotheses, concerning the relations between species pool and floristic richness; (3) to test these hypotheses using data collected from Estonian plant communities. Eriksson (1993) defined the species pool as a set of species which are potentially capable of coexisting in a certain community. This definition is very similar to that of ' potential richness' by Gough et al. (1994) . These definitions stress a very important aspect of the concept: a species pool is not simply the sum of species from a certain territory with varied habitat conditions, but is the limited set of species capable of growing under certain habit at conditi ons within the territory, i.e. the conditions prevailing in the target community. This is probably the reason why case studies of species pools are virtually missing since there is no easy way of determining the number of species, adapted to certain habitat conditions.
Definitions and hypotheses
In principle, the species pool can be considered to be a fuzzy set to which, theoretically, all the species of the local (regional) flora could belong with certain degrees of membership. The conce pt of the fuzzy set and its significance for ecological theory has been dicussed earlier by Roberts (1986) . In the present context we claim that the degree of member ship is a function of the similarity between the ecologicai conditions under which a species occurs and the average ecological conditions for the target community.
Because species richness should be studied at different spatial scales, a more exact definition of the pool must include several scales. We propose a series of three species pools, defined in relation to a target community, as follows:
1. Regional pool -the set of species occurring in a certain region and which are capable of coexi sting in the target community. A region is a reasonabl y large porti on of the Earth, with a more or less uniform physiography and climate, from which species are expected to be able to reach the target community, and for which there exists a proper list of its flora.
2. Local pool -the set of species occurring in the land scape around a target community and which are capable of coexisting in that community. These species are able to migrate to the community relatively rapidly, say within a few years. In both cases, the term ' target commun ity' means a well-define d plant community (see below) bound to a certain set of environmental conditi ons in situ which fit the realized niche of the occurring species.
3. Actual pool-the set of species present in the target commu nity.
We have not found a definitive place for the diaspore bank in this system, but suggest that the persistent seed bank be included in the local pool , and the transient seed bank in the actual pool (cf. Thompson and Grime 1979, Milberg and Hansson 1993 for limestone grassland) .
Clearly, we need to define and delimit the target community. We propose to define the community in a flori stic-stati stical (phytosociological) way, as a type of vegetation with a characteristic plant species composition and structure, and suggest that the commu nity be delimited on the basis of its local, more-or-Iess continuous, occurrence in the landscape. We can imagine that the regional pool of a community will be specified as referring to the total area encompa ssing the distribution area of the community type, and the local species pool as referring to the area occupied by a certain landscape type (e.g. river valley, system of coastal grass lands, etc.) within which the target community is distributed . Within the community, species richness has to be measured at different scales (e.g. van der Maarel and Sykes 1993).
To estimate the role of the species pool in determining the pattern of species richness, we started by testing two basic null hypotheses at different levels in the hierarchy mentioned above. The hypotheses concern the strengths of relationships between: (1) actual species pool and regional species pool; (2) richness per unit area and actual species pool.
There have been several attempts to study the relationships between richnesses at different scales (Cornell and Lawton 1992, Kohn and Walsh 1994) . However, if one wants to estimate the significance of this relationship, it will become evident that the traditional formulation of null hypotheses, stating the independence of the studied variables, is not appropriate for this. A positive correlation between the studied pair of variables is inevitable and arises from the definition of the species pool. As pointed out by Cresswell et al. (1995) , the regression of local richness on the species pool contains an clement of autocorrelation that will bias the analysis and invalidate the P-value. A reasonable course here is to assess the degree of determination by testing the empirical strength of the relationship against the theoretical minimum strength of this particular relationship. Thus, we formulated the null hypotheses to be tested as follows: HOI : any size of the actual species pool is equally probable in the interval between zero and the size of the regional species pool. H0 2 : any value of species richness per unit area is equally probable in the interval between zero and the size of the actual species pool.
Note that the alternative hypotheses to these null hypotheses (HI] and Hl 2 respectively) are actually the simplest possible explanations for the number of locally coexisting species -within the species pool hypothesis. The rejection of HOI and H0 2 would indicate that local richness depends significantly on the number of taxa available. In other words -local richness tends to be a more or less fixed portion of the species pool. Any additional mechanism regulating the number of coexisting species would make the rejection of the HO-s less probable. One could, for example, consider the two types of theoretical relationships between regional and local richness, proposed by Cornell and Lawton (1992) . If communities in different habitat conditions are considered, the linear Type I relationship coincides with the alternative hypotheses of our study. This states that communities are not saturated with species and local richness is proportional to the species pool. The type II relationship -the so-called saturation curve -assumes additional detenninants of local richness (biotic interactions) and thus a curvilinear relationship. If these two types of relationship were tested against the HO-s of this study using the linear correlation coefficient as the statistic , the Type I relationship would yield the maximum power for refuting HO. Once the HO is refuted there will be no need to search for additional constraint s to the number of locally coexisting species. OIKOS 75:1 (1996) Material and methods
Determination of the regional species pool
The flora of Estonia -a country of approximately 45 000 km 2 on the eastern shore of the Baltic Sea -contains 1416 vascular plant species (Laasimer 1985) . To determine the size and composition of the species pool for a certain plant community we have to select all the species capable of growing there. We have chosen to make this selection on the basis of information on the ecology of these species. The only extensive systematic information available is the system of indicator values constructed by Ellenberg et al. (1991) . Each species of the Central European flora has been given an ordinal value, mostly ranging from 1-9, to characterize its optimum preferred conditions in respect to several environmental factors. For our purposes we chose the factors : light, soil moisture, pH and nitrogen content (in fact, more generally, soil nutrient status).
In total we included 1073 species in our list, while excluding the so-called microspecies of Alchemilla, Hieracium, Taraxacum and Euphrasia and species which had only been recorded once or twice in Estonia. Some taxa were absent in Ellenberg's list, and in some cases Ellenberg's species concept was different from that found in the Estonian flora (Eesti NSV floora 1959 -1984 .
Further, we considered a four-dimensional 'habitat space' with the Ellenberg factors: light, soil moisture, pH and nitrogen content as axes. The ecological conditions of a certain plant community can be characterized by its position in this habitat space; the position being determined through calibration (Jongman et al. 1987, ter Braak and Gremmen 1987) , i.e. by calculating an average indicator value for all species in the community, in relation to the four habitat factors.
There is a problem with the Ellenberg indicator values in that they characterize the optimum conditions of species, i.e. the mean of the species response curve but not its amplitude. Only in the case of a very wide amplitude are species classified as 'indifferent' in the Ellenberg system . When we included in the species pool only the species for which the indicator values corresponded to the average integer value for the whole community, we got unrealistically small pools. According to ter Braak and Gremmen (1987) and van der Maarel (1993a), the ecological amplitude of a species is, on average, 1.5 relative units around its mean. Based on amplitudes of 1.5 units we obtained a four-dimen sional hypervolume with the maximum distance (radius) from the centre of the hypervolume being three units. In this way, we compiled the regional species pool for a certain community by including from the regional flora (I) all indifferent species and (2) all other species for which the indicator values for light, soil moisture, pH and nitrogen content were within the interval ± three units around the average of that community in the four-dimensional hyperspace. 
Determ ination of the actual species pool
The actual species pool for a community was determined by a survey of 14 communities in Estonia. Some characteristics of the study sites and references to previosly published information abo ut sites are presented in Table  1 . I-m? sample plots were also analysed. In forested areas , plots were located randomly within approximately a 50 x 50 m area in a homogeneous plant community. In addition, we also counted un-recorded plant species around the sample plots. In gras sland, the studied area was somewhat larger (up to 4-5 ha) . In these cases the 114 whole area was examined to determine the actual species pool. Hence the size of the actual pool in grasslands may be sligh tly overestimated, comp ared to forests. We selected plant communities which were not cle arly invo lved in primary or secondary succession. The 14 communities described include the main vegetation types presented in surveys of Estonian vegetation (Krall et al. 1980 , Lohmus 1984 , except for grasslands on acidic soils -these occur in southern Estonia, but ha ve usuall y been fertilized or are overgrown. Swamp vegetation was usually infl uen ced by drainage, so it was not incl uded either.
Statistical methods
Traditional statistics cannot be used to assess the strength of the relationship between the dependen t variable (Y) and the independent variable (X) in this study (see also Cresswell et al. 1995) . Instead of stating the independence of Y on X, our null hypotheses state that the probability P(Y = k) is constant, a::; k ::; X. It follows that according to the null hypothesis the expectation of the dependent variable EY =X/2.
To test such null hypotheses we used the Monte Carlo test, i.e. we chose randomly (5000 times) a value for the current dependent characteristic (richness or actual species pool) in the interval a to the maximum possible value of the dependent variable for each observed value of the current independent variable. The maximum observed value was either the calculated size of the regional pool, or the measured size of the actual pool. Each time, we calculated the correlation coefficient r between the independent and dependent variables in order to achieve the empirical distribution of r for the null hypothesis conditions. The empirical probability of cases with a correlation between the two studied variables positive and stronger than that observed in the real data, served as an estimate of the significance level for rejecting the null hypotheses. Thus, by saying that there exists a significant relationship, we mean that the relationship is significantly stronger than expected from our null model.
Results
Relationship between actual and regional species pool A clear positive relation appears to exist (Fig. 1) : the larger the regional species pool, the larger the actual species pool. Thu s, if there are many species in the Estonian flora which are potentially capable of coexisting under the particular environmental conditions for a certain plant community, the number of species in that community is also large. The Monte Carlo test showed that this regression was significant at P = 0.04 1. The relationship was much stronger than predicted by the null model. Consequently HOI can be rejected.
Relationship between actual species pool and small-scale species richness
The mean species richness per 1 m 2 plot is clearly positively related to the size of the actual species pool (Fig.  2) -a larger actual pool also results in higher richness. The Monte Carlo test showed that the regression between these parameters was significant at P = 0.002 . The relationship was much stronger than predicted by the null model and HO z can be rejected. OIK OS 75: 1 (1996) Fig. 2 . The relationship between actual species pool and mean richness per I m 2 in 14 Estonia n plant commun ity types. The strength of the relations hip was stronger than claimed by the null model (P = 0.002). The numbers on the figure correspo nd to the numbers of the community type in Table I .
Discussion
Most theories of species coexistence (see Diamond and Case 1986 , Wilson 1990 , Zobel 1992 try to explain, in complicated ways, how species avoid competition (and thus competitive exclusion) in equilibrium and nonequilibrium conditions and suggest that in species-rich communities these avoidance mechanisms, such as the creation of regeneration niches (Grubb 1977 , Rusch 1988 , are more effective than in species-poor communities. However, our results suggest that at least part of the variation in species richness is directly related to the variation in size of the species pool. This fits the carousel model (van der Maarel and Sykes 1993) very well and confirms the results obtained from the geographical comparison by Sykes et al. (1994) . The recognition of the role of the species pool does not conflict with the ideas on the importance of the strength of competition and the disturbance history of a particular site (Wilson 1991 , van der Maarel 1993b ) -although these mechani sms are more important in determining species abundance relations. We claim that the general reason for the coexistence of a certain number of plant species is the availability of ' appropriate' species, i.e. the size of the species pool.
The estimation of the regional pool remains approximate, until we have more detailed basic data about the requirement s of species. Ideally, we need to know the centre and width of both the fundam ental and the realized niches along the principal environmental gradients. As an alternative approach we can base our estimations on floristic similarity, i.e. by comparing, for each species, the similarity between the synoptic community composition of the target community and the synoptic composition of the community where the species finds its optimum conditions. For such calculations we would need phytosociological data bases which are not yet available for larger regions, but are being prepared for several countries and even for the whole of Europe (Mucina et al. 1993) .
Regional and actual species pools result from very different processe s. The regional species pool is dependent mainly on two processes -speciation and largescale migration of species. The significance of the environmental conditions in 'evolutionary centres' and of the commonness of certain habitat types, has been discussed by Grime (1979) , Grubb (1986) and Hodgson (1987) . The migration of species has been considered mostly in a regional context. For example, a general scheme of the postglacial development of vegetation is available for Estonia (Laasimer 1965 ), but there is only one study which considers the main migratory trajectories of the steppe-originated alvar species (E ilart 1963) .
The processes which determine the arrival of members of regional or local species pools in a certain community belong mostly to the ecological domain . Species migration on a local scale has received attention as a 116 mechanism for maintaining diversity (Shmida and Whittaker 1981 , Shmida and Ellner 1984 , Gouyon et al. 1987 . Also, the number of species in woodland patches has been demonstrated to depend on the distance from the source of diaspores (Dzwonko and Loster 1992) . Evidently, there is a need for a more systematic approach , considering all the losses and gains of species in a particular community. One has to recognize very high small-scale species mobilit y, at least in dry grasslands (van der Maarel and Sykes 1993, Sykes et al. 1994) . The study of the mobilit y of plants is probably one approach to develop.
There is no reason to assume that the two relationships described here should generally be linear. If successional communities are included, the linearity of the relationship between the regional and the actual pool may be lost. In this case , we could address another question which was also considered by Cornell and Lawton (1992) and Kohn and Walsh (1994) : What is the relationship between regional, local and actual pools related within the same habitat and community type? In the successional context , the study of the local pool becomes important. We would assume that the difference in size between the actual and local pools is, at least partly, dependent on the degree of "non-disturbedness" and the successional status of the community. The closer the community has come to reaching a steady state, the closer the actual species pool will approach the local pool. In other words the community will approach the 'local null communit y' (sensu Zobel 1992 , Goldberg 1994 . The processes behind such species pool size differences , the understanding of which is also very important for nature management, are still waiting to be studied.
